INTRODUCTION
We saw in Part 5 that heterophase polymers constituted by mutually incompatible segments develop very diverse microphase-separated structures in the thermodynamically stable bulk state. The morphology in this state has been shown to depend on degree of polymerisation, volume fraction, Flory-Huggins interaction parameter, and branched structure [1] [2] [3] [4] [5] [6] . Since microphase-separated structures of this kind normally take up a periodic structure on the scale of several to several tens of nanometres, they have attracted much attention in the developing nanoarchitectural fi eld generically referred to as nanotechnology. Most recently we have seen a fl urry of research activity on the formation of molecular assemblies of heterophase polymers containing π conjugated segments, aimed at application in second generation electronic devices, and further progress toward practical development can be expected in this area [7] . Furthermore, since heterophase polymers form nanometre scale assemblies in solution as well as in bulk, much research has been directed in particular at assembly in selective solvents using amphiphilic block copolymers [8] [9] [10] [11] . Much hope is pinned on the breakthrough in new materials development that would follow were it possible to immobilise and isolate the nanostructures formed in bulk or in selective solvents. In fact, a number of research groups have embarked on creating nanostructures [7, [12] [13] [14] [15] [16] [17] . This review focuses on expression of microphase separation structure in block copolymers of dissimilar segments and the research into isolation of specifi c domains that has followed. Also examined are recent studies of micelle formation by amphiphilic block copolymers in selective solvents. As repeatedly pointed out in this series, a well defi ned primary structure is necessary for a heterophase polymer to form fi ne structures, and the majority of such polymers have been synthesised by living anionic polymerisation.
CREATION OF NANOMATERIALS BY MICROPHASE SEPARATION AND SELECTIVE DOMAIN STRIPPING

Isolation of domains by degradative reactions
In a further development of the concept of microphase separ ation archi tecture of block copolymers, nanomaterials have since the late 1980s been created by immobilising and isolating nano-scale microphase structures. Thus, to construct a microphase-separated structure, a block copolymer of well defi ned primary structure is synthesised by living anionic polymerisation: one or other of the domains is then selectively immobilised, after which the other domain is isolated, affording an ordered structure of nano-size. It was discovered that polymer assemblies of specifi c morphology could be synthesised in this way. The fi rst example of such work was reported in 1989 by Nakahama et al. [12] who synthesised a block copolymer of well-defi ned structure from dimethyl-2-propoxy-(4-vinylphenyl)silane and isoprene and used this to construct a microphase separated structure of lamellar architecture. The polymer was then crosslinked intermolecularly with siloxane (Si-O-Si) bonds formed by hydrolysis and condensation of the side-chain alkoxysilyl groups (Si(CH 3 ) 2 OCH(CH 3 ) 2 ). A fi ne structure of nano-order, composed of polystyrene crosslinked at siloxane sites, was isolated when the polyisoprene domains were selectively decomposed by ozonolysis of the double bonds in the polyisoprene chain (Figure 1) . The IR measurements, elemental analysis and TEM/SEM observations confi rmed the formation of a porous membrane of uniform pore size preserving the microphase separation structure virtually intact. The pore size can be controlled across the range 10-30 nm by adjustment of molecular weight and composition. For application purposes, oxygen was then introduced into the fi ne structure to synthesise a porous oxygen membrane, which demonstrated great potential as a novel glucose sensor [13] . The same approach can be exploited for quite ordinary block copolymers by using polymers easily degraded under relatively mild conditions, and this should have universal application. Nanostructures other than polyisoprene segments could be isolated, by using poly(α-methylstyrene) [18, 19] segments readily decomposed with an electron beam or heat, or by using biodegradable polyesters.
Hillmeyer et al. recently reported the results of a series of studies on the synthesis of nanoporous membranes using achiral poly(D,L-lactide) (PLA) as the degradable segment, and described the construction of nano-structures utilising the membrane [14] [15] [16] [17] . Thus, using functionalised polystyrene containing terminal hydroxyl groups (PS-OH) synthesised by living anionic polymerisation, a block copolymer composed of PS and PLA was synthesised by polymerising lactide with the terminal hydroxyl groups. A microphase separation structure of PLA cylinders in a PS matrix was constructed, whereupon the cylinder structure was unidirectionally oriented. The PLA domains were then removed by decomposition under basic conditions, affording a nanosize porous PS membrane [14] . Confi rmation of nanostructure is obtained from SAXS and TEM. The same authors have also used poly(cyclohexylethylene) (PCHE) obtained by hydrogenation of PS segments to make a chemically stable nanoporous membrane [15] . Since all porous membranes thus produced contain uniform cylindrical nanoscale cavities, new nanostructures can be constructed using the cylinders as template. In practice, electroconductive polypyrrole (PPY) domains have been isolated by removing the PCHE domains after polymerisation of the pyrrole, affording PPY nanowire of 19-48 nm corresponding with cylinder diameter (Figure 2 ) [16] . It has also been shown from SAXS, WAXS and TEM observations that when Cd PLLA segments is 0.35, the PLLA domains form helices of diameter 25.3 nm, pitch 43.8 nm. Furthermore, a porous PS membrane containing helical cavities was obtained on removing the PLLA domains by hydrolysis under basic conditions [20] .
Nanoarchitecture using ionic interactions
Various functional groups introduced with two different terminally-functionalised polymers can be utilised to form ionically bonded block copolymers. Russell et al. have synthesised ionically bonded block copolymers and obtained information on their microphase separation structure by SAXS. Examples documented are microphase separation structures, observable by SAXS, that were assembled from poly(α-methyl styrene) with carboxyl groups at both ends and polyisoprene with dimethylamino groups at both ends, depending on the choice of conditions [21] .
Nakahama et al. have studied the microphase separation structure of two hybrid systems: terminally aminated polystyrene (PS-NH 2 ) and terminally carboxylated polyethylene oxide (PEO-COOH); and terminally aminated polyethylene oxide (PEO-NH 2 ) and terminally carboxylated polystyrene (PS-COOH) [22] . The polymers bonded via ionic interaction, SAXS and TEM observations confi rming development of lamellar structure over a wide range of composition. The carboxylic acid groups were then ionically dissociated under alkaline conditions and the PEO domains were selectively dissolved out with methanol, exploiting the difference in solubility of PS and PEO; a porous membrane based on the lamellar structure constituted by PS domains was thereupon isolated. This technique of synthesising a block copolymer via ionic bonds, assembling a microphase separation structure, and then selectively isolating specifi c domains could be a powerful means of creating new nanostructures.
In addition to the above work on block copolymers, reports have recently begun to appear on the synthesis of star polymers utilising ionic bonding. Synthesising PS with three dimethylamino groups introduced at the chain ends and polyisoprene (PI) with sulpho groups introduced at the chain ends, Hadjichristidis et al reported the synthesis of AB 3 type asymmetric star polymers by ionic bonding between dimethylamino and sulpho groups, together with morphological observations [23] . SAXS and TEM observations confi rmed the creation of microphase separation structure by the polymers obtained, though detailed investigation revealed the presence of AB 2 polymer in addition to the target AB 3 star polymer. However, ionic bonding has great thermal stability and the system retained its phase separation morphology at 453 K. Although the isolation of specifi c microphase separated domains has not yet been explored, the results suggest the possibility of synthesising star polymers by ionic bonding and great store is set on the future potential of this approach. Reports on the synthesis of block and star polymers by ionic bonding are still few in number but given that the polymers are readily cleaved by dissociation simply through change in pH, this approach remains an extremely attractive proposition for selectively isolating one or other of the domains while the microphase separation structure of the polymer is immobilised.
We have recently synthesised block copolymers and star polymers utilising ionic interaction between polymers with dialkylamino groups and carboxyl groups at the chain ends, obtained by living anionic polymerisation [24, 25] . The segments used were poly(phenyl vinyl sulphoxide) (PPVS), transformable to electroconductive polyacetylene by heat treatment, and polystyrene. Molecular design using ionic bonding in this way was adopted to facilitate isolation of specifi c nano-form domains formed by microphase separation. It should be possible to create electroconductive nanomaterials of specifi c morphology using electroconductive polyacetylene for one of the polymer segments and isolating the conductive domains. Details are given below.
Anionic polymerisation of phenyl vinyl sulphoxide is conducted in the presence of a large excess of lithium chloride with a 1:1 adduct of sec-butyllithium and a 1,1-diphenylethylene derivative containing dialkylamino groups as the initiator, affording a polymer with a dialkylamino group at the chain end. In addition to terminally carboxylated polystyrene, other carboxylated polystyrenes of well-defi ned structure, containing carboxyl groups at the chain centres and centres of the branch points, are synthesised by reaction of carbon dioxide with double and triple chain polymer anions. We proceeded to explore the synthesis of block and star polymers with these functionalised polymers. As anticipated, AB diblock copolymers were quantitatively synthesised by ionic bonding between the dialkylamino groups and carboxyl groups. Next we investigated the synthesis of AB 2 three-arm star polymers. When two equivalents of terminally carboxylated polystyrene were used with PPVS containing two dimethylamino groups at one of the chain ends, the desired polymer was unobtainable, an AB diblock copolymer being formed quantitatively instead. On the other hand, by reacting a polystyrene with carboxyl groups at the chain centre with PPVS containing one terminal dimethylaminopropyl group, we successfully synthesised an AB 2 three-arm star polymer in which the calculated and observed molecular weights were in close agreement and the functional groups were ionically bonded 1:1. We further succeeded in synthesising an AB 3 four-arm star polymer by using a polystyrene in which a carboxyl group has been introduced at the centre of a three-arm star polymer (Figure 3) .
TGA measurements on the star polymers revealed a two stage weight loss in all the polymers obtained. Taken together with the results from IR spectrometry, the rate of weight loss pointed to conversion to polyacetylene by thermal elimination from the PPVS chain, followed by pyrolysis of the polystyrene and polyacetylene blocks. In addition, a TEM examination was made of cast fi lms of the block and star polymers containing polyacetylene segments obtained by heat treatment. Sphere structures were seen in AB diblock copolymer products while lamellar structures organised in a highly ordered, linear array were observed in the AB 2 star polymer products. Observations supporting the creation of a lamellar structure were also obtained by AFM. We hope to explore isolation of polyacetylene domains by selective removal of the polystyrene domains at a future date. Interest is thus being drawn not just to the assembly of microphase separation structures in multicomponent polymers but to the selective isolation of domains by chemical treatment, heat treatment, etc. It is further hoped that, by fi nding some means of imparting high functionality such as heatresistance, electro-conductivity and amphiphilic character to isolable domains, it will be possible to develop new nano-architectural devices.
ASSEMBLY OF NANOSTRUCTURES BY MICELLE FORMATION
Micelle formation with block copolymers in selective solvents
Of the numerous kinds of block copolymer, amphiphilic block copolymers composed of segments of confl icting solubility are known to form micelles by association in selective solvents (a selective solvent is a good solvent for one of the segments and poor or non-solvent for the other segment). The insoluble segments form the micelle core, shunning contact with solvent, while the soluble segments form a shell (or corona) extending into the solvent around the core. The morphology depends on the segment lengths: a star micelle is formed when the soluble segment dominates, while if the insoluble segment is suffi ciently long, a crew-cut micelle is formed (Figure 4) . Diverse other assemblies such as vesicular and cylindrical assemblies are formed, depending on a number of parameters, most typically critical micelle concentration (CMC) and critical micelle temperature (CMT) [8] .
One of the polymers most often used in micellisation studies in water is polyethylene oxide (PEO). An example is the behaviour in water of a block copolymer composed of PEO and styrene oligomer: as the content of water-insoluble styrene oligomer increases, the micelle association number increases and the morphology changes to spherical, lamellar and vesicular [26, 27] . Similar behaviour has been observed in ABA triblock copolymers made using isoprene oligomer [28] .
A series of studies has used block copolymers into which the anionic polymer electrolyte poly(acrylic acid) has been introduced instead of the nonionic PEO [29, 30] . Investigation of molecular association in a mixed solvent of water/DMF or water/dioxane using block copolymer with polystyrene showed that as the poly(acrylic acid) content increased, spheres, rods, vesicles and even more complicated structures developed. Conversely, when the polystyrene content was increased, crew-cut micelles were observed. A similar investigation has been made of block copolymers in which the polystyrene was replaced with poly(methyl methacrylate) and a fl uorescer was introduced [31] . When a cationic quaternised polyvinylpyridine was used, the block copolymers with polystyrene became soluble in water and crew-cut micelles were observed at a high content of polystyrene segments [32] .
More recently, there have been reports of micelles of special morphology formed using ABC triblock copolymer constituted by dissimilar segments. Patrickios et al. have synthesised ABC triblock copolymer comprising poly(dimethylaminoethyl meth acrylate), poly(methyl methacrylate) and poly(acrylic acid) and discussed the pH dependence in micellisation of the copolymer in aqueous solution [33] . The same authors have elucidated the effect of sequence using triblock copolymers in which poly(hexaethylene glycol methacrylate) was introduced instead of poly(methacrylic acid) [34] . Hillmyer et al., on the other hand, synthesised an ABC triblock copolymer (OSB) comprising PEO, PS and 1,2-polybutadiene (PB) by living anionic polymerisation, and an ABC triblock copolymer (OSF) in which the incompatibility of the three components was increased by perfl uoroalkylating the PB segments (PB-F). Micellisation in aqueous solution was then investigated. It was discovered that whereas OSB formed spherical micelles of core-corona type with PS and PB as core and PEO as corona, OSF formed a very interesting core-shell-corona type of assembly in which the core was ellipsoid and the PS and PB-F were phase separated ( Figure 5 ) [35] .
Compared with the studies of linear block copolymers surveyed above, considerably fewer studies on the solution behaviour of asymmetric star polymers have been published because of the diffi culties presented by synthesis. Nevertheless, studies that anticipate an interesting micelle morphology due to branched structure have recently begun to appear. Hadjichristidis et al. synthesised asymmetric star polymers constituted by polystyrene and polyisoprene, and investigated the solution behaviour in decane [36] . The results showed that the micellar exclusion volume and aggregation number decreased as the number of branches increased.
Hillmyer et al. synthesised an ABC heteroarm star polymer constituted from poly(ethyl-ethylene) (PEE), PEO and poly(perfl uoropropylene oxide) (PFO), and demonstrated formation of multicompartment type micelles in aqueous solution (Figure 6 ) [37, 38] . Micelle structure was characterised by TEM studies and UV absorption utilising the selective uptake of 1-naphthyl perfl uoroheptanyl ketone and pyrene into PFO and PEE domains, respectively.
Micellisation of heterophase polymers in selective solvents has thus been found to involve complex factors, viz. block solubility, segment ratio, sequence and branch architecture as well as CMC and CMT. Further progress may be expected from systematic research.
Creation of nanostructures by micellisation
As noted above, heterophase polymers form micellar structures of diverse morphology in selective solvents. If such micellar structures could be immobilised, it would be possible to create nanosize particles. Wu et al. synthesised block copolymers of poly(4-methylstyrene) (PMS) and poly(phenyl vinyl sulphoxide) (PPVS), formed micelles in THF with PPVS as the core, and then converted the PPVS segments to poly acetylene (PA), thereby obtaining soluble nanoparticles in which an insoluble, electroconductive PA core was coated in a PMS shell [39] . Wooley et al. synthesised polystyrene-b-poly(4- vinylpyridine), quaternised the poly(4-vinylpyridine) with p-chloromethyl styrene and then formed micelles with a core of polystyrene segments in water. Nanoparticles with a fi xed shell were then obtained by polymerising the styrene element with a mercury lamp [40] . The same authors have also obtained a hollow nano-cage by forming micelles with polyisoprene-b-polyacrylic acid in water, partially crosslinking the polyacrylic acid with a diamino compound, and then decomposing the polyisoprene by ozonolysis [41] . Liu et al. synthesised a block copolymer with polystyrene into which poly(2-cinnamoyl-ethyl methacrylate) had been introduced as a photo-crosslinkable component, and obtained nanospheres with a fi xed shell [42] . The same group have also succeeded in forming fi xed core micelles in water using a block copolymer with polyacrylic acid [43] . In addition, a triblock copolymer with polyisoprene and polyacrylic acid was used and hollow nanospheres were synthesised by photocrosslinking the shell with subsequent ozonolysis of the polyisoprene in the core [44] .
Müller, Abetz et al. synthesised polystyrene-bpolybutadiene-b-poly(methyl methacrylate) (PS-b-PB-b-PMMA) from which they constructed a "sphere-at-the-wall" architecture, a characteristic microphase separation structure in the triblock copolymer in which PB spheres occur at the interface between PS and PMMA lamellae. They then obtained a polymer in which the PB was immobilised by crosslinks [45] . The polymer forms asymmetric Janus micelles in dioxane [46] . Moreover, on hydrolysing the PMMA to poly(methacrylic acid), the group succeeded in forming supermicelle structures in water via molecular association of the PS blocks (Figure 7 ) [47] .
Ar mes et al. have synthesised poly(2-d i m e t h y l a m i n o e t h y l m e t h a c r y l a t e ) -b -p o l y ( 2 -tetrahydropyranyl methacrylate) (PDMAEMA-PTHPMA) and its poly(2-dimethylaminoethyl methacrylate)-bpoly(methacrylic acid) hydrolysis product, and obtained nanoparticles of zwitterionic type by adjusting the temperature and pH to immobilise the shell [48] . Thus, before hydrolysis the polymer forms micelles in water, at which point 1,2-bis(2'-iodoethoxy)ethane (BIEE) is added and the PDMAEMA is fi xed by quaternisation. The PTHPMA is then hydrolysed, affording nanoparticles with an anionic core and cationic shell. Next, micelles are formed under alkaline conditions using the hydrolysed polymer, giving a core of PDMAEAM and shell of PTHPMA. The shell is immobilised by esterifi cation, and the zwitterionic nanoparticles of opposite sign to the previous polymer are obtained on acidifi cation. Thus, the technique of using heterophase polymers to form micelles in a selective solvent and then immobilizing the shell is establishing itself as a means of synthesising nano-scale particles. It is hoped that various functionality will be imparted to make the structures electroconductive or stimuli-responsive, for example.
CONCLUSIONS
This series has fi rstly considered the defi nition and characteristics of living anionic polymerisation, and then looked in outline at the kinds of polymer that can be synthesised and the formation of higher order structures, reviewing recent research topics in the light of the basic science. From a historical perspective, elastomers and anionic polymerisation have maintained a close relationship during their development; and it is worth noting that thermoplastic elastomers typifi ed by SBS and SIS are synthesised by living anionic polymerisation on an industrial scale. In the scientifi c arena, moreover, the terminally functionalised polymers, block copolymers, graft copolymers, star polymers and dendrimer star polymers featured in the series have all been synthesised with a content of polyisoprene or polybutadiene segments, with a view to future application as novel, highly functional polymers.
Since Szwarc's discovery of living anionic polymerisation, there has been a dramatic expansion in the types of polymer amenable to synthesis, stemming from research with protective groups. Unsurprisingly, taking into account various functional groups, the group of monomers amenable to living anionic polymerisation including cyclic monomers as well as vinyl monomers is actually far bigger than for living radical or cationic polymerisation. Moreover, we can now synthesise such polymers while exercising strict control over molecular weight and molecular weight distribution, steric structure (tacticity, microstructure), terminal group structure, branched structure and other aspects of primary structure. Furthermore, it has proved possible to impart functionality and assemble structures on the nanometre scale by introducing heterophase structure into the copolymers and branched polymers. Continued innovations and improvements in living anionic polymerisation should deliver molecular design and precision synthesis of polymers of diverse function and morphology, along with the development and application of new highly functional high performance materials.
